Cilj. Razlikovanje atrocitoma mozga zasnovano na analizi mapa difuzijski naglašenog snimanja (DWI) predstavlja težak zadatak, što je posledica mikrostrukturnoj heterogenosti ovih entiteta. U ovoj studiji primenjena je histogramska analiza mapa prividnog difuzionog koeficijenta (ADC) da bi se lokalizovali regioni (ROI) koji odgovaraju maksimalnoj ceularnosti tumora. Testirana je mogućnost korišćenja parametara dobijenih iz tih regiona (ADC, standardna devijacija ADC i kurtozis K) za razkovanje različitih gradusa astrocitoma. Methods. Thirty-one patients (16 woman and 15 man; median age 37 years, age range 6-72 years) with suspected supratentorial astrocytomas were included in retrospective study.
Introduction
Astrocytic tumors are the most frequent brain neoplasmas which comprise about two thirds of brain gliomas. The choice of appropriate therapeutic strategy largely relies on assessment of histopatological grade of tumor. Stereotactic biopsy is an option but the pronounced structural heterogeneity of astrocytomas, which even may manifest in coexistence of two distinct histological types within tumor bulk 1 , can lead to sampling errors. The method for non-invasive assessment of grade and localization of the most active segments of tumors would significantly improve diagnostics and treatment of these tumors.
The conventional magnetic resonance imaging (MRI) presents the backbone of brain tumor imaging. Although the techniques of T1 weighted (T1W), T2 weighted (T2W), fluid attenuated inversion recovery (FLAIR) and gadolinium enhanced T1W imaging provide good qualitative interpretation, they lack in specificity in tumor grading 2 . It has been generally agreed that the dynamic contrast enhanced (DCE) imaging tracing regions of increased capillarity and neovascularization can distinguish between low and high grade gliomas but not within groups (although there are some different opinions 3, 4 ). This could be attributed to the fact that differences in cellularity may not always coincide with differences in capillarity.
Diffusion weighted imaging (DWI) is an advanced MRI technique which provides unique
information about microstructure of tissues by probing self-diffusion of water molecules.
Microscopic movements of water molecules is mostly affected by the presence of cell membranes, which due to low permeability for water as compared to the free diffusion, represent a barrier for unhindered movement of water molecules [5] [6] [7] . Therefore, any alteration in cell density or size will affect water diffusion in tissue and the extent of hindrance can be quantified by apparent diffusion coefficient (ADC) as measured on DWI.
The differentiation of brain astrocytomas (BA) using DWI represents challenge from viewpoint of DWI because of their microstructural diversity. Despite of the wellestablished correlation between ADC values and tumor cellularity [8] [9] [10] [11] [12] , this apparently straightforward approach produced a variety of results. Some authors found that ADCs could not be used to separate different tumor grades [13] [14] [15] while others managed to differentiate low from high grade tumors, but not between subtypes 8, 9, [16] [17] [18] [19] [20] . The discrepancies in results of these studies can be explained by two inter-related factors:
placement of the region of interest (ROI) for ADC measurement and structural peculiarities of astrocytoma. Namely, results were obtained by placing the ROI on a selected representative section of the tumor based on their appearance on selected images. Such approach relies on a priori knowledge about tumor structure introducing subjectivity and effects of sampling in analysis. To overcome that problem some authors 21, 22 27, 28 . In general, the technique showed the remarkable success in neural tissue characterization 27, 29 . Initial results in differentiation of BA grades based on mean EDK are promising 30 .
In this paper we used both advanced strategies in better differentiation of brain astrocytomas: i) analysis of the texture of tumor on ADC maps by histograms as the guidance for placing ROIs in areas of minimal ADCs; ii) beside using just ADCs, we determined parameters which describe microheterogeneity within the selected ROIsstandard deviation of ADC (∆ADC) and kurtosis (K) to evaluate added values of DWI. The principal aim of this study is differentiation between subtypes of high grade astrocytomas.
Materials and methods

Patients
Thirty-one patients (16 woman and 15 man; median age 37 years, age range 6-72 years)
with suspected supratentorial glial tumors were included in this retrospective study. The study was approved by the Ethical boards of our institutions. Informed consent was obtained from all examined patients. Subjects with recurrent gliomas were excluded from evaluation. After MRI examination all patients underwent surgery and histological diagnosis was provided by analysis of postoperative specimens. Analysis revealed presence of 13 diffuse astrocytoma (WHO grade II), 9 anaplastic astrocytoma (WHO grade III), and 9 glioblastoma multiforme (WHO grade IV).
MRI methods
MRI examinations were performed using 1. Afterwards, paramagnetic contrast agent (0.1 mmol•kg -1 ) was administered and T 1 W sagital sections were acquired by use of magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence (TR/TE=2000/4.7, slice thickness 0.9 mm). Post-contrast coronal and axial 5 mm thick sections were obtained from these images using reconstruction algorithm included in software of MRI workstation.
Determination of parameters on ADC images
Upon the completion of the MR exam, all data were exported to personal computer workstation with Ubuntu 14.04 operating system. MIPAV software (National Institute of Health, Bethesda, USA) 31 
Statistical analysis
Statistical analysis of obtained data was performed using OpenStat software 32 . Normality
and homogeneity of data were tested using Shapiro-Wilk and Levine's tests. Differences among parameters for astrocytoma groups were assessed using t-test and one-way ANOVA with Bonfferoni correction. Findings were considered significant if P< 0.05. Receiver operating characteristic curves were generated in order to obtain pairwise comparison between astrocytoma grades.
Results
The box-whiskers plot in figure 2 shows the distribution of ADC values for different astrocytoma grades. The grade II tumors show the higher ADCs compared with grades III and IV, which in turn have close values (Table I ). Significant differences were found between grades II and III (p<0.01) and between grades II and IV (p<0.02), but not between grades III and IV. Significant difference (p<0.001) was also found when ADC values of DA were compared to groups of high grade astrocytoma (III and IV). Table I ). Significant differences were found between values for grades II and III, p<0.05), III and IV (p<0.001) but not for II and IV, although there was a trend towards significance.
The distribution of kurtosis values for different astrocytoma grades, given in figure 3, shows similar trend as for ∆ADC values. Significant differences were found only between III and IV grades (p<0.05). with sensitivity 100 % and specificity 89 % and cutoff value of 0.17·10 -3 mm 2 /s (Table II) .
Kurtosis value also can differentiate between grades III and IV although with sensitivity and specificity of 78 % (AUC=0.784). 17, 34 . The data analysis showed that ADC values can be used in distinguishing between astrocytoma grades II and grades III and IV, but not between the last two. This is in agreement with majority of studies 9, [16] [17] [18] [19] [20] 34 . However, there are studies that question the ability of differentiating low from high grade BA [13] [14] [15] . These discrepancies are most probably the consequence of the procedure of ROI selection which appears to be extremely important such highly heterogeneous tumors. For example, in studies where ROI encompassed the whole tumor no differentiation between astrocytoma grades has been achieved on the basis of mean diffusivity 15, 22 . This can be attributed to masking of cellularity contribution to the average tumor ADC value by contribution of other tumor components such as microcysts, necrosis, bleeding, calcifications etc. Hence various other strategies of ROI selection has been employed since ROIs should reliably represent the most active part of tumor. In a number of studies ROIs were placed on tumor tissue which appears as -solid‖ on T2W/FLAIR images or enhances on T1W images 9, 16, 18, 34, 35 . Some studies used DWI to select ROIs 8, 17, 36 under assumption that the minimal ADC values should correlate with high tumor cellularity and proliferative indexes. The outcome of both approaches was that it is possible to distinguish the low from high grade tumors, but not differentiate high grade tumors, i. e., AA from GBM.
The alternative approach, similar to ours, employed histogram analysis of whole tumor region in ADC maps (whole tumor in single ROI) and use only ADC value of the low edge of histogram in discriminating grades 22 . This enabled differentiation between grade II and grade III astrocytoma, but not between grades III and IV. In our study we used combined strategy which includes initial histogram analysis of ADC values in whole tumor followed by generation of histogram-based color maps and placement of ROI in regions which correspond to the lowest ADC values. Such approach diminishes the influence of subjectivity in ROI positioning and more reliable localizations of zones that correspond to highest cellularity can be achieved. Nevertheless, we also did not succeeded in distinguishing AA from GBM based on ADC values.
There are, however, papers where authors claim that is possible to distinguish AA from GBM using ADC data 18, 36, 37 . However, findings of Yang et al. 36 are flawed by the fact that the orientation independent DW image has been calculated as an arithmetic mean instead of correct geometric mean. Higano et al. 37 Values of ∆ADC obtained in our study enabled differentiation between both astrocytoma of grades II and III and also between grades III and IV. The distribution of parameter values shows that that anaplastic astrocytoma exhibits the lowest heterogeneity in series, followed by diffuse astrocytoma and glioblastoma multiforme (see fig. 2 ) what is in agreement to microstructure of these tumors 1 . To our knowledge there are only two studies considering application of this parameter in characterization of brain pathologies.
Gerlof et al 38 found that ∆ADC can be used to discriminate between systemic lupus erythematosus, but surprisingly didn't discuss this result. In their study Kang et al. 22 measured values of ∆ADC of astrocytoma, but didn't evaluate the use of this parameter in their differentiation.
Values of kurtosis parameter determined in this study enabled distinguishing astrocytoma grades III and IV although with somewhat lower sensitivity and specificity with high sensitivity and specificity. Kang et al 22 didn't find significant differences among kurtosis values of astrocytoma grades which could be explained by large errors in determination of kurtosis when whole tumor is considered as ROI. Raab et al. 30 reported ability of excessive kurtosis, obtained from DTI at multiple b-values, to differentiate between astrocytoma grades. However, this procedure (diffusion kurtosis imaging-DKI) requires a considerable amount of imaging time and the use of MRI devices operating at magnetic fields equal to or higher than 3T 27 . This questions suitability of DKI in routine clinical examinations.
Our results suggest that parameters which characterize heterogeneity of diffusion within defined ROI have advantage over the mean ADC value in differentiation of BA grades III and IV, where ∆ADC value showed the highest sensitivity and specificity. However, it
shows similar ability as mean ADC (although higher specificity) in differentiation grades II and III. The sensitivity and specificity of kurtosis factor in differentiation of these tumor types are somewhat lower compared to that of ∆ADC but still showed higher performance compared to mean ADC. This suggests that all determined diffusion parameters should be considered in differentiation of brain astrocytoma. We have not included this method in our study, because only two patients had these procedures included in exam. Further, in this study we didn't evaluated diffusion in peritumoral area or performed normalization to corresponding values for normal appearing white matter. The reason for such approach is comparison of successfulness of other parameters derived from ADC maps measured from the same ROI placed in lesion; use of normalization would obscure inherent information they contain.
In conclusion, the results presented in this work pinpoint to importance of histogram analysis of ADC maps in adequate positioning of ROI. Using this approach it is possible to distinguish astrocytomas grade II and III using ADC values. Further analysis of heterogeneity of ADC values in tumor using values of ∆ADC and kurtosis yielded to even more successful differrentiation between astrocytoma grades. Therefore, for overall grading of these tumor types all three parameters should be used for successful diagnostics.
